Whisker-reinforced composite materials have high tensile strength and toughness. These characteristic properties exist in nature, especially for composite materials in which the matrices are ceramic or metal, even at high temperatures. [1] [2] [3] [4] There are some methods available for manufacturing whisker-reinforced composite material. The squeeze casting is one of the industrially superior manufacturing methods.
In squeeze casting, preheating of the whisker preform is necessary in order to improve the permeability of the molten aluminium alloy to the whisker preform. The preheating is basically carried out at a temperature near the melting point of aluminium alloy.
It has been reported that the surfaces of Si3N4 are covered by a layer 3 -5 nm thick of amorphous oxide, mainly SiO2 and in part SixNyO. [5] [6] [7] The oxide layer may finally affect the formation of the interface in composite material. It is known that the interface between the reinforcement and the matrix determines the physical properties of the composite material. 8, 9 It is expected that the whisker surface will be oxidized as a result of this preheating. The change of the β-Si3N4 whisker surface in air during heat treatment was examined in this study. We carried out the TEM observation on heat-treated whisker and whisker without heat-treating. The whisker surface was analyzed by XPS, and the oxidation of the surface was confirmed to be due to the heat treatment. The analysis of the depth direction in the whisker surface was analyzed on SiN, SiO2, Y and Ca ion by TOF-SIMS. The changes of the whisker surface due to the oxidation become clear.
Experimental

Chemicals
As shown in Table 1 , the β-Si3N4 whisker contained a little Fe, Ca and Al as impurities and Y was added as a whisker growth mediate. The silicon diimide is synthesized using SiCl4 and NH3 as a raw material. The β-Si3N4 whisker was prepared by firing the mixture added to which was Y2O3 in the silicon diimide as a whisker growth mediate. 4 Three kinds of whiskers were prepared. Whisker A was the as-prepared whisker, while whiskers B and C were heat-treated at 873 K and at 1273 K, respectively, for 2 h in air. The heat treatment temperature of the whiskers was chosen to be at 873 K. This is the preheating temperature used for aluminium alloy composite manufacturing by squeeze casting.
Apparatus
The morphology and structure of the β-Si3N4 whiskers were examined using scanning electron microscopy (SEM: Hitachi S-4200), transmission electron microscopy (TEM: Jeole JEM-2010) and powder X-ray diffraction (XRD: Rigaku RAD-RX). The existing elements of the whisker surface layer, atomic concentration, as well as the elementary chemical bond conditions were examined by X-ray photoelectron spectrometry (XPS: ULVAC-PHI 1600S), employing Mg Kα X-rays. The measured binding energy was corrected to the C1s peak (binding energy of 284.6 eV) of adventitious carbon. With respect to the elements of the whisker surface outer layer, analysis of the element depth distribution was carried out using time-of-flight secondary ion mass spectrometry (TOF-SIMS: ULVAC-PHI TRIFT). A Ga + primary ion beam was used. The depth of the β-Si3N4 whisker surface was standardized by the sputter rate of sintered silicon nitride. The change in composition of the surface layer of β-Si3N4 whiskers was examined after heat treatment in atmosphere. At 873 K, the β-Si3N4 whisker was barely oxidized. At 1273 K, the oxidation of the surface layers of the whisker occurred easily. With the β-Si3N4 oxidation, the Si-N bond gradually changed into the Si-N-O bond, and finally became the oxidized layer (amorphous layer) of the whisker surface. It was assumed that the whisker surface has a gradient interface structure which gradually changes from the oxide layer of the whisker's outer surface to the nitride crystal of the inside layer. It was confirmed that impurity elements such as Y and Ca existed mainly in the amorphous region near the interface between the amorphous layer and the crystal layer. 
Results and Discussion
Morphology and structure The change in morphology of the whiskers as a result of heat treatment was observed by SEM. Upon heat treatment, whisker B did not change but whisker C changed slightly. Its edge became somewhat rounded. From the XRD results, only some peaks of β-Si3N4 revealed that oxidation did not occur in the β-Si3N4 whisker. The formation of oxides such as quartz and cristobalite by the heat treatment was not confirmed in the β-Si3N4 whiskers. The surface characterization was carried out in detail by XPS and TOF-SIMS. Figures 1(a) , (b) and (c) show the measurement results of XPS for whiskers A, B and C. For whisker A, a strong characteristic peak of N1s was observed, and the O1s peak was observed as the peak which was smaller than O1s peak of heat-treated whisker B. For whisker B, the oxidation of the whisker surface was seen. This was confirmed by the increase in the O1s peak. Contrary to this, the peak of N1s decreased. For whisker C, with a higher heat treatment temperature, the O1s peak was mainly detected. In Fig. 2 , the Si2p peak, the N1s peak and the Y3d peak are shown as narrow scanning peaks. As the heat treatment temperature was increased, the Si-N bond changed into the Si-O bond, as shown by the Si2p peak, and the N-Si bond changed into the N-O bond, as shown by the N1s peak. With the increase in the heat treatment temperature, it is proven that the oxidation of the whisker surface has been generated by shifting to high energy of N1s peak (peak top; whisker A 397.1 eV → whisker C 398.0 eV) and Si2p peak (peak top; whisker A 101.3 eV → whisker C 103.4 eV). The peaks of the impurity elements such as Y and Ca were detected in the whisker surface outer layer of whiskers A and B, but not in the whisker crust of whisker C. From the peak positions of XPS, we conclude that Y and Ca exist as oxides. Although in whisker C the detection of Y was not possible by XPS, it is confirmed that Y and Ca existed by X-ray fluorescence analysis in whisker C. Y seemed to exist of the surface in a low concentration, since it diffused into the oxidized layer of the whisker surface, and could not be detected by XPS. 
Analysis by XPS
Analysis by TOF-SIMS
The qualitative analysis of the elements of the whisker surface outer layer was carried out by TOF-SIMS. The result of the analysis of whisker A's surface is shown in Fig. 3 . Y, Ca and Al were detected on the whisker surface. In particular, under 10 ppm of the impurity element Al was detected throughout the whole whisker. This suggests the possibility of the existence of Y, Al, and Ca in high concentrations at the whisker surface outer layer. The element depth distribution of the whisker surface was analyzed. Figure 4 shows a HRTEM photograph of the edge of whisker A. It is evident from this photo that an amorphous layer about 1.8 nm in thickness exists at whisker A's surface. In the HRTEM photograph, the layer of between two arrows is the amorphous layer. The result of the element depth distribution of whisker A is shown in Fig. 5 . It is assumed from the measurement results of positive ions that Y and Ca existed mainly in the amorphous layer (∼1.8 nm), and not in the β-Si3N4 crystal.
The thickness of the amorphous layer of whiskers B and C agreed well with the measurement results of TOF-SIMS and that observed in the HRTEM photographs. In Figs. 6 and 7 , the HRTEM photograph and the depth profile are shown for whisker C. It is seen from the HRTEM photograph and from the change of the SiN ion peak strength of TOF-SIMS that the 283 ANALYTICAL SCIENCES FEBRUARY 2001, VOL. 17 amorphous layer grew. Furthermore, from the measurement results of negative ions shown in Fig. 7 , the presence of SiO2 at the whisker surface outer layer was confirmed. Most of the Si which existed on the surface was contained in the Si-O bond. On the other hand, the SiN ion peak strength was gradually detected in the whisker's inside layer, but below about 2 nm it was not usually detected. From this fact, we conclude that the bond of the Si in the amorphous layer of the whisker surface gradually changed from the Si-O bond of the surface into the Si-N-O bond, and finally into the Si-N bond inside the whisker. It was assumed that the whisker surface had a gradient structure which gradually changed from the oxide layer of the outer whisker surface to the nitride crystal of the inside layer. From the TOF-SIMS measurement results, it is clear that the movement of the interface between the amorphous layer and the crystal layer occurs by the surface oxidation of the whisker during heat treatment. At this time, impurity elements such as Y and Ca which existed near the whisker surface moved inward along with the moving interface, and existed mainly at the interface. It is known that the amorphous grain boundaries of Si3N4 sintered body contain many impurity elements. 10 Recently, the solubility of the trivalent lanthanide (Ln 3+ ) ion in β-Si3N4 was evaluated by the first principles molecular-orbital calculation. 11 It was reported that Ln 3+ ion is not stable at the interstitial site of the β-Si3N4, but is stable at the grain boundary glass phase. It is assumed that Y, whose ionic radius is almost equal to the ionic radius of dysprosium or holmium, does not stably exist in the β-Si3N4 crystal. TOF-SIMS spectra verified that Y and Ca exist mainly in the amorphous region near the interface between the amorphous layer and the β-Si3N4 crystal layer. It was confirmed that impurity elements such as Y and Ca existed mainly in the amorphous layer of the whisker surface and on the whole did not exist in the crystal layer. These impurity elements diffused to the inside as the thickness of the oxidized layer increased during the heat treatment. So it became clear that the impurities exist mainly in the amorphous region near the interface between the amorphous layer and the crystal layer.
